ABSTRACT: This study characterized the relationship between ruminal temperature (T rum ) and pH in beef cattle fed growing and finishing diets. In Exp. 1, 16 ruminally cannulated beef heifers (388.5 ± 34.9 kg BW) were fed 4 growing diets in a replicated 4 × 4 Latin square with four 21-d periods. Diets were (DM basis) grower control (CTL g ; 35% barley grain plus 5% canola meal), 40% corn dried distillers grains plus solubles (CDDGS g ), 40% wheat dried distillers grains plus solubles (WDDGS g ), and 37.6% WDDGS g plus 2.4% corn oil (WDDGS g +O). All diets contained 55% barley silage (DM basis). Ruminal pH and T rum were continuously monitored for 4 d each period starting on d 18. In Exp. 2, the 16 heifers were gradually transitioned (529.1 ± 41.1 kg BW) from the growing diets to 1 of 4 finishing diets in a replicated 4 × 4 Latin square with four 28-d periods. Diets were (DM basis) finisher control (CTL f ), 40% corn-based distillers grains plus solubles (CDDGS f ), 40% wheat-based distillers grains plus solubles (WDDGS f ), and 37.4% WDDGS f + 2.6% corn oil (WDDGS f +O). All finishing diets contained 8% barley silage (DM basis). Ruminal pH and T rum were measured from d 25 to 28. With growing diets (n = 64), maximum T rum was negatively related to minimum pH (P < 0.001, r = -0.53) and positively related to starch intake (P < 0.001, r = 0.55). Maximum T rum , T rum > 40°C (h/d), and area under the curve (AUC) T rum > 38°C (area × h/d) accounted for 28.3, 9.5, and 4.7%, respectively, of the variability in minimum pH (R 2 = 0.43, P < 0.001, n = 64). Mean T rum and maximum T rum were greater for CTL g than CDDGS g , WDDGS g , and WDDGS g +O. With finishing diets (n = 63), maximum T rum was negatively related to minimum ruminal pH (P < 0.001, r = -0.63) and positively related to DMI (P < 0.001, r = 0.62) and to starch intake (P < 0.001, r = 0.58). Maximum T rum , AUC T rum > 39°C, and duration T rum > 38°C accounted for 40, 17, and 3.6%, respectively, of the variability in minimum pH (R 2 = 0.60, P < 0.001, n = 63). Mean T rum and maximum T rum were greater for CTL f than CDDGS f , WDDGS f , and WDDGS f +O. When individual animal data were examined, heifers with duration T rum > 40°C did not necessarily have greater duration pH < 5.2 or pH < 5.5. Ruminal temperature has the potential to predict ruminal pH, likely owing to the biological relationship between acid production and the heat of fermentation. Exploitation of this relationship to predict pH could provide a means of overcoming the problems associated with long-term monitoring of ruminal pH using electrode-based approaches. 
INTRODUCTION
Ruminal acidosis is a significant problem in beef cattle. Increased lactic acid production and reduced ruminal pH causes inflammatory conditions of the rumen such as rumenitis, hyperkeratosis leading to decreased ruminal motility, and decreased absorptive capacity of the ruminal epithelium resulting in decreased gain (NRC, 2000; Schwaiger et al., 2013; Castillo-Lopez et al., 2014) . Therefore, there is a need for monitoring ruminal pH in beef cattle so that the animal's produc-tive health can be evaluated. While there are noninvasive ways of accurately monitoring ruminal temperature (T rum ) by oral administration of temperature monitoring boluses, monitoring of ruminal pH using oral boluses is not accurate due to buildup of proteins on the glass membrane resulting in millivoltage drift and the need for frequent calibration. Therefore, an understanding of the relationship between T rum and pH so that predictive equations for changes in ruminal pH can be developed based on changes in T rum could prove beneficial.
Changes in ruminal pH as a function of diet and its effects on growth performance have been well characterized (Li et al., 2011; Moya et al., 2011) . However, studies that characterize changes in T rum profiles and relationships with ruminal pH have mainly been conducted using dairy cows (AlZahal et al., 2008 (AlZahal et al., , 2009 ). To our knowledge, there is only 1 study (Wahrmund et al., 2012) that characterized the relationship between T rum and pH in beef cattle. In that study, subclinical ruminal acidosis was induced in beef steers by replacing either part or the entire daily DMI with cracked corn. Wahrmund et al. (2012) reported that the time above T rum of 39.45°C was correlated (P = 0.02, r = 0.66) with the time spent below a ruminal pH of 5.5.
The objectives of this study were to 1) characterize daily changes in T rum and ruminal pH profile and evaluate the relationships between these 2 variables in beef cattle fed a range of growing (high forage) and finishing (high grain) diets, 2) determine whether the relationship between T rum and pH is affected by the type of growing and finishing diet, and 3) examine individual animal variability in ruminal pH and T rum profiles.
MATERIALS AND METHODS
The data were generated in 2 previously published studies designed to test the effect of corn-based dried distillers grains plus solubles (CDDGS), wheat-based dried distillers grains plus solubles (WDDGS), and corn oil-supplemented WDDGS on methane emissions and nitrogen excretion from growing (Hünerberg et al., 2013a) and finishing (Hünerberg et al., 2013b) beef cattle. All procedures were performed according to the guidelines of the Canadian Council on Animal Care (CCAC, 1993) .
Experiment 1
Experimental details were previously reported (Hünerberg et al., 2013b) . In brief, 16 ruminally cannulated crossbred beef heifers (388.5 ± 34.9 kg initial BW) were used in a replicated 4 × 4 Latin square design with four 21-d periods. Heifers were assigned to 1 of 4 growing diets: grower control (CTL g ), 40% corn dried distillers grains plus solubles (CDDGS g ), 40% wheat dried distillers grains plus solubles (WDDGS g ), and 37.6% WDDGS g plus 2.4% corn oil (WDDGS g +O; 24 g corn oil/kg diet DM). The CTL g diet contained (on a DM basis) 55% barley silage, 35% barley grain, 5% canola meal, and 5% vitamin-mineral supplement. The CDDGS g , WDDGS g , and WDDGS g +O diets were formulated by replacing barley grain and canola meal (40% dietary DM) from CTL g with 40% CDDGS, 40% WD-DGS, and 37.6% WDDGS + 2.4% corn oil, respectively. For WDDGS g +O, corn oil was added (60 g/kg DM WD-DGS) to WDDGS (4.11% fat DM basis) to keep the fat content similar to that of CDDGS g (9.95% fat DM basis). All diets were fed ad libitum as total mixed rations once daily and animals had access to water all the time. The ingredients and chemical composition of the experimental diets are listed in Table 1 . All heifers were housed in a covered barn that was not temperature controlled except in the last 4 d of each period during which the heifers were moved to a climate-controlled environment building. Measurements of pH and temperature were done when the animals were housed in the climate-controlled environment (temperature controlled at 15 ± 2°C).
Ruminal pH was continuously measured (every 30 s) for 4 consecutive days starting on d 18 of each 21-d period. A data logger equipped with pH electrode was held in the ventral rumen sac by two 1-kg weights attached to a protective shroud (Dascor, Escondido, CA; Penner et al., 2006) . The pH system used in this study was calibrated every time the pH loggers were introduced in the rumen. The pH electrodes were calibrated using pH buffers 7 and 4 at the beginning and end of measurement period as described in Penner et al. (2006) . From the daily ruminal pH data averaged by minute, minimum pH, mean pH, maximum pH, duration ruminal pH < 5.8 (h/d), and area under the curve (AUC) below pH 5.8 (area × h) were determined. The AUC for pH was calculated by adding the absolute value of negative deviations in pH from 5.8 for each minute recording. The data logger for pH measurement was equipped with a built-in sensor that measured temperature at the same time intervals as for pH measurements. The daily T rum data averaged by minute were characterized as minimum T rum ; mean T rum ; maximum T rum ; duration (h/d) when T rum < 38°C, T rum > 38°C, T rum > 39°C, T rum > 40°C, 38°C < T rum ≤ 39°C, and 39°C < T rum ≤ 40°C; and AUC (T rum × h/d) when T rum < 38°C, T rum > 38°C, T rum > 39°C, T rum > 40°C, 38°C < T rum ≤ 39°C, and 39°C < T rum ≤ 40°C. The AUC for T rum was expressed as T rum × hours per day and calculated as the product of the difference in T rum between the threshold temperature and the measured (actual) temperature for each minute recording. Ruminal fluid for determining VFA concentrations was obtained by squeezing composite samples of ruminal contents (collected at 0, 2, 6, 12, and 24 h after feeding) through 2 layers of polyester monofilament fabric (355 μm pore size) on d 14 of each experimental period. Concentration of NH 3 -N in ruminal fluid was determined by the salicylate-nitroprusside-hypochlorite method (Sims et al., 1995) using a flow injection analyzer. Concentrations of VFA in ruminal fluid were analyzed as described by Addah et al. (2012) using gas chromatography (model 5890; Hewlett Parkard, Wilmington, DE) with crotonic acid as an internal standard.
Experiment 2
The 16 crossbred beef heifers used for Exp. 1 were gradually transitioned from the growing diet (55% DM barley silage) to a finishing diet (8% DM barley silage) over 4 wk (Hünerberg et al., 2013b) . The average BW of the heifers at the beginning of Exp. 2 was 529.1 ± 41.1 kg. The 16 heifers were allotted to 1 of 4 finishing diets in a replicated 4 × 4 Latin square with four 28-d periods. The finisher control diet (CTL f ) on a DM basis contained 8% barley silage, 87% steam rolled barley grain, and 5% vitamin-mineral supplement. The 40% cornbased distillers grains plus solubles (CDDGS f ), 40% wheat-based distillers grains plus solubles (WDDGS f ), and 37.4% WDDGS f + 2.6% corn oil (WDDGS f +O) diets were formulated by replacing 40% DM barley grain from CTL f with 40% CDDGS, 40% WDDGS, or a mixture of 37.4% WDDGS + 2.6% corn oil, respectively (on DM basis). For WDDGS f +O, corn oil was added to WD-DGS (34 g fat/kg DM) to keep the fat content similar to that of CDDGS f (97 g fat/kg DM). All diets were fed ad libitum as total mixed rations once daily with ingredients and chemical composition shown in Table 2 . Animals were housed as described for Exp. 1.
Ruminal pH and T rum were measured from d 25 to 28 as per Exp. 1 and characterized as described for Exp. 1. Ruminal fluid for determining VFA concentrations was sampled at 0, 2, 6, 12, and 24 h after feeding.
Statistical Analysis
The effect of diet on T rum variables was analyzed using the PROC MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). Animal within diet was the experimental unit, with diet as the fixed factor and group, animal within group, and period as random factors. Least square means for diet were determined for each variable and the differences in the least square means were declared significant when P < 0.05. Correlations between maximum T rum and the test variables (ruminal pH variables and intake variables such as DMI, starch intake, and NDF intake) were determined using PROC CORR procedure of SAS using all diets (n = 64). Regression analysis was used to model various indicators of subacute ruminal acidosis (SARA) such as minimum ruminal pH, pH < 5.8 (h/d), pH < 5.5 (h/d), pH < 5.2 (h/d), AUC pH < 5.8, and AUC pH < 5.2 from T rum variables (minimum T rum ; maximum T rum ; mean T rum ; duration (h/d) when T rum < 38°C, T rum > 38°C, T rum > 39°C, T rum > 40°C, 38°C < T rum ≤ 39°C, and 39°C < T rum ≤ 40°C; AUC (T rum × h/d) when T rum < 38°C, T rum > 38°C, T rum > 39°C, T rum 5 Anise 422 powder containing ground cumin, fennel, fenugreek, silicon dioxide, and wheat bran (Canadian Bio-Systems Inc., Calgary, AB, Canada).
6 Determined using samples pooled by diet within each period; all values except DM are expressed on a DM basis.
7 NDF assayed with a heat stable amylase and expressed inclusive of residual ash.
8 Acid detergent fiber expressed inclusive of residual ash.
> 40°C, 38°C < T rum ≤ 39°C, and 39°C < T rum ≤ 40°C); and intake variables (kg/d; DMI, starch intake, and NDF intake) using the STEPWISE procedure of SAS. Individual animal variability was examined in both growing and finishing heifers fed the CTL diet using PROC MIXED procedure of SAS with heifer in the model and in the least square means statement.
RESULTS AND DISCUSSION

Experiment 1
The description of the T rum curve and pH curve herein refers to the mean profiles obtained from heifers fed the CTL g diet (Fig. 1 ). Mean T rum over the day ranged from 38.4 to 39.8°C while mean ruminal pH ranged from 5.6 to 6.8. Ruminal temperature increased after feeding, reaching a maximum 12.7 h postfeeding and thereafter declining until the animals were offered feed the next morning. Ruminal pH showed an opposite trend with a decline in pH after feeding, reaching a minimum 9.9 h postfeeding and then increasing until the next morning. Peak T rum and pH nadir were separated by a mean time interval of 2.8 h with the pH curve starting to rise before the temperature started to decline, indicating that the absorption of VFA across the ruminal epithelium or passage of ingesta from the rumen led to the recovery of pH before there was a decline in heat of fermentation. Compared to the rise in T rum postfeeding, the drop in ruminal pH was relatively smooth. Greater fluctuations in T rum could be caused by several factors. Noffsinger et al. (1961) evaluated the effect of fasting and ad libitum feeding on T rum in sheep and reported that T rum was lower during fasting than during ad libitum feeding. Another study (Brod et al., 1982) evaluated the effect of drinking water temperature (0, 10, 20, and 30°C) on T rum in sheep and reported that T rum was depressed the most by water at 0°C (T rum decreased by 6.44°C) than by water at 10 (4.62°C decrease), 20 (4.01°C decrease), and 30°C (2.36°C decrease). Gengler et al. (1970) investigated the effect of 2 ambient temperature conditions (18 and 35°C) on T rum and rectal temperature in nonlactating dairy cows and reported that T rum and water intakes were greater (P < 0.05) at 35°C than at 18°C, while the rectal temperatures and feed intakes were not altered. Those results suggest that an increase in T rum can be a direct influence of the ambient temperature and an indirect influence of increased water intake (at 35°C ambient temperature). The current study extended from fall to late spring during which time minimum, maximum, and average air temperatures were -16.1, 20.4, and 6.98°C, respectively, according to the data from AgroClimatic Information Services, Alberta Agriculture and Rural Development (Lethbridge, Canada). Despite the ambient temperature ranges during the study, the cattle were housed in a climate-controlled building when pH and temperature measurements were taken, and thus, although not measured directly, the feed and water temperature would have been similar to the ambient temperature of the facility (15 ± 2°C). Based on the above discussion, we speculate that several of the abrupt declines in T rum postfeeding were due to water consumption and possibly water of feed origin. 1 CTL f = finisher control diet (containing 87% DM barley grain); CDDGS f = 40% corn-based distillers grains plus solubles; WDDGS f = 40% wheatbased distillers grains plus solubles; WDDGS f +O = 37.4% WDDGS f + 2.6% corn oil (DM basis).
2 CDDGS = corn-based dried distillers grains plus solubles.
3 WDDGS = wheat-based dried distillers grains plus solubles.
4 Supplied per kilogram of dietary DM: 65 of mg Zn, 28 mg of Mn, 15 mg of Cu, 0.7 mg of I, 0.2 mg of Co, 0.3 mg of Se, 6,000 IU of vitamin A, 600 IU of vitamin D, and 47 IU of vitamin E.
5 Anise 422 powder containing ground cumin, fennel, fenugreek, silicon dioxide, and wheat bran (Canadian Bio-Systems Inc., Calgary, AB, Canada).
6 Determined using samples pooled by diet within each period (n = 4).
One of the objectives of this study was to study the relationship between T rum and ruminal pH. It should be noted that the relationships reported here are derived from a limited dataset generated from previous studies (Hünerberg et al., 2013a,b) and should be interpreted with caution. Daily maximum T rum was negatively related to minimum ruminal pH (P < 0.0001, r = -0.53, n = 64) and positively related to daily starch intake (Table 3 ; P < 0.001, r = 0.55, n = 64). Greater T rum reflects greater fermentative activity in the rumen as reflected by the positive relationship between maximum T rum and starch intake. The inverse relationship between maximum T rum and minimum pH is possibly an outcome of the acid products of ruminal fermentation causing a depression in pH. Consistent with this, maximum T rum was also positively related to total VFA (r = 0.26, P = 0.04, n = 64).
It was also our objective to predict the variability in ruminal pH variables (and hence evaluate the severity of SARA) from T rum and intake variables. Severity of SARA can be evaluated from ruminal pH variables such as minimum pH, pH < 5.8 (h/d), pH < 5.5 (h/d), pH < 5.2 (h/d), AUC pH < 5.8, AUC pH < 5.5, and AUC pH < 5.2 (Penner et al., 2007; Mohammed et al., 2012) . Prediction equations developed using the above indicators of SARA as dependent variables revealed that T rum more readily predicted minimum pH (Table 4 ; Eq. [1]: R 2 = 0.43, P < 0.001, n = 64) as compared to AUC pH < 5.8 (Eq. [5]: R 2 = 0.18, P = 0.001, n = 64) and duration pH < 5.8 (Eq. [2]: R 2 = 0.15, P = 0.002, n = 64).
Mean T rum and maximum T rum were greater for CTL g than CDDGS g , WDDGS g , and WDDGS g +O (Table 5) . Duration and AUC < 38°C were lower for CTL g than WDDGS g and WDDGS g +O. Duration T rum > 39°C, T rum > 40°C, and 40°C ≤ T rum > 39°C were greater for CTL g than WDDGS g and WDDGS g +O while 39°C ≤ T rum > 38°C was lower for CTL g than the other diets. The AUC > 38°C, AUC > 39°C, 39°C ≤ AUC > 38°C, and 40°C ≤ AUC > 39°C were greater for CTL g than the 3 distillers grain-based diets. Greater mean T rum and maximum T rum , greater duration T rum > 39°C and T rum > 40°C, and greater AUC > 38°C and AUC > 39°C for CTL g than the other diets likely reflects a greater intensity of ruminal fermentation due to the greater starch content in this diet as compared to dried distillers grains plus solubles (DDGS) diets (36% vs. mean of 17.4%, on DM basis). Greater fermentation intensity in the rumen is usually accompanied by greater VFA production and a longer duration pH < 5.8 and greater AUC pH < 5.8 consistent with the findings of Dohme et al. (2008) , Mohammed et al. (2010) , and Moya et al. (2011) .
Experiment 2
The description of the mean T rum curve and pH curve herein refers to the profile obtained from heifers fed the CTL f diet (Fig. 2) . Ruminal temperature ranged from 39.2 to 40.4°C while the pH ranged from 5.2 to 6.5. Ruminal temperature increased after feeding, reaching a maximum 11.8 h postfeeding and declining thereafter until heifers were offered feed the next day. The shorter duration 1 Correlations were done with all diets (n = 64) and with only control diet (n = 16) in the model. Diets were control diet (35% barley grain + 5% canola meal), 40% corn dried distillers grains plus solubles, 40% wheat dried distillers grains plus solubles, or 37.6% wheat dried distillers grains plus solubles + 2.4% corn oil (DM basis). All diets contained 55% barley silage (DM basis).
2 AUC = area under the curve. a-c Within a row, means without a common superscript differ (P < 0.05); n = 64.
1 Grower control diet (CTL g ) contained 55% barley silage, 35% barley grain, 5% canola meal and 5% supplement. The diets CDDGS g , WDDGS g , and WDDGS g +O were formulated by replacing 35% barley grain and 5% canola meal from CTL g with 40% of corn-based dried distillers grains plus solubles or wheat-based dried distillers grains plus solubles (WDDGS) or 37.6% WDDGS + 2.4% corn oil.
2 Ruminal temperature was continuously monitored for 4 d.
3 AUC = area under the curve. 1 The variables entered in the model include T rum variables (minimum T rum ; maximum T rum ; mean T rum ; duration (h/d) when T rum < 38°C, T rum > 38°C, T rum > 39°C, T rum > 40°C, 38°C < T rum ≤ 39°C, and 39°C < T rum ≤ 40°C; area under the curve (AUC; T rum × h/d) when T rum < 38°C, T rum > 38°C, T rum > 39°C, T rum > 40°C, 38°C < T rum ≤ 39°C, and 39°C < T rum ≤ 40°C); and intake variables (kg/d; DMI, starch intake, and NDF intake).
2 Diets were grower control diet (35% barley grain + 5% canola meal), 40% corn dried distillers grains plus solubles, 40% wheat dried distillers grains plus solubles, or 37.6% wheat dried distillers grains plus solubles + 2.4% corn oil (DM basis). All diets contained 55% barley silage (DM basis).
to reach maximum T rum for CTL f (11.8 h postfeeding) compared to that for CTL g (12.7 h postfeeding) could be due to greater heat of fermentation resulting from the rapid degradation of dietary starch for CTL f (56.7% of DM) than CTL g (35.6% of DM). Heat of fermentation is the heat generated from fermentation of dietary OM. Heat of fermentation is determined by the level of intake and digestibility of the diet; therefore, we speculate that the greater maximum T rum and shorter duration to reach maximum T rum for CTL f than CTL g was due to the greater OM digestibility of CTL f (83.7%; Hünerberg et al., 2013a) than CTL g (71.8%; Hünerberg et al., 2013b) . Ruminal pH showed an opposite trend with a decline in pH after feeding, reaching a minimum 11.0 h postfeeding and then increasing until the next morning. The peak T rum and pH nadir were separated by a mean time interval of only 0.8 h with the pH curve starting to rise a little earlier than the time T rum started to decline indicating that regulation of pH was slightly delayed relative to that observed for cattle offered growing diets. The longer duration (h) to reach average minimum pH postfeeding for cattle fed CTL f (11.0 h) compared to those fed CTL g (9.9 h) indicates that the time for recovery from pH nadir for CTL f was longer than CTL g . The delay in the beginning of recovery from pH nadir for CTL f (11.0 h) compared to CTL g (9.9 h) could be attributed to a greater requirement for uptake of short-chain fatty acids across the reticulorumen epithelium for CTL f than CTL g , due to greater VFA concentrations associated with the higher grain diet (175 vs. 151 mM; Hünerberg et al., 2013a,b) .
Daily maximum T rum was negatively related to minimum ruminal pH (P < 0.001, r = -0.63, n = 63) and positively related to DMI (P < 0.001, r = 0.62, n = 63) and starch intake (P < 0.001, r = 0.58, n = 63; Table  6 ). Repeating the correlations with only the CTL f diet revealed that maximum T rum was more strongly related to minimum pH (P = 0.002, r = -0.72, n = 16) and starch intake (P = 0.001, r = 0.76, n = 16) as compared to correlations developed using all diets (r = -0.63). The r value for the relationship between maximum T rum and duration pH < 5.2 was 0.80 with the CTL f diet (P = 0.002, n = 16) and only 0.59 with all diets (P < 0.001, n = 63). Similarly, the r value for the relationship between maximum T rum and AUC pH < 5.5 was 0.78 with the CTL f diet (P = 0.004, n = 16) and only 0.59 with all diets (P < 0.001, n = 63). The above findings indicate that the magnitude of the correlations between T rum and ruminal pH is determined by the composition of the diet, consistent with the findings of Wahrmund et al. (2012) . In the study of Wahrmund et al. (2012) , steers fed a 63% concentrate diet were assigned to no dietary change (CON), onehalf of daily DMI replaced with cracked corn (HALF), and the entire daily DMI replaced with cracked corn (CORN). They reported stronger correlations between T rum and pH (r = -0.64, P < 0.001 for HALF diets and r = -0.63, P < 0.001 for CORN diets) on d 1 of acid challenge compared with no correlations for the CON diet. Another study (AlZahal et al., 2008) with 6 lactating Holstein cows fed a control diet (26% grain) and SARA diet (44% grain containing 19% ground wheat, 10% ground barley, and 15% protein supplement) diet reported an r value of 0.46 (P < 0.05, n = 22) for the relationship between duration T rum > 39.4°C and time < pH 5.8. Lower r values in the study of AlZahal et al. (2008) could have been due to the use of both control and SARA diets in the model. It may also be noted that the relationship between maximum T rum and minimum pH in the current study was relatively stronger for finishing diets (Table 6 ; Exp. 2; r = -0.63) compared to that for growing diets (Table 3; Exp. 1; r = -0.53). Based on this observation, it appears that the greater the rate of acid production in the rumen, the stronger the relationship between T rum and ruminal pH. However, it cannot be ignored that individual animal variability does exist among ruminants in the magnitude of the pH and temperature response to a particular diet (Dohme et al., 2008; Penner et al., 2009a; Mohammed et al., 2012) . Furthermore, cattle adapt to the severity of the condition over time, as was observed on d 2 and 3 of the acid challenge in the study of Wahrmund et al. (2012) .
It is interesting that the relationship between total VFA and maximum T rum was weaker (Table 6 ; r = 0.38, P = 0.003, n = 63) while that between ruminal NH 3 -N and maximum T rum was relatively stronger (r = 0.58, P < 0.001, n = 63). Because dietary CP and ruminal NH 3 -N were greater for the DDGS diets than the CTL f diet (Hünerberg et al., 2013a) , it appeared more appropriate to explore the relationship between ruminal NH 3 -N and maximum T rum , within the DDGS diets and the CTL f diet separately. Regression analysis with maximum T rum as the dependent variable using the DDGS diets and the select variables (minimum pH; duration when pH was less than 6.2, 6.0, 5.8, 5.5, and 5.2; ruminal NH 3 -N; total VFA; DMI; starch intake; and NDF intake) in the model revealed that NH 3 -N and starch intake contributed 50.1 and 17.5%, respectively, to the variability in maximum T rum (maximum T rum [°C] = -0.10 NH 3 -N [±0.03] + 0.41 Table 7 . Stepwise regression analysis of ruminal temperature (T rum ) and intake variables 1 with one of the ruminal pH variables as dependent variable in beef heifers fed finishing diets 2 starch intake [kg/d; ±0.16] + 39.9 [±0.54] ; R 2 = 0.68, P = 0.001). Repeating the regression with the same variables but using the CTL f diet in the model revealed that duration pH < 5.2 and DMI contributed 63.8 and 13.3%, respectively, to the variability in maximum T rum (maximum T rum [°C] = 0.07 duration pH < 5.2 [h; ±0.03) + 0.14 DMI [kg/d; ±0.05) + 39.1 [±0.38]; R 2 = 0.77, P < 0.0001). The above findings indicate that a greater proportion of the variability in maximum T rum for the heifers fed DDGS-based diets resulted from protein fermentation while that for the heifers fed the CTL f diet resulted from starch fermentation. Because dietary proteins play a significant role in buffering ruminal pH (Allen, 1997) , we also explored the relationship between ruminal NH 3 -N and minimum ruminal pH for the DDGS diets and the CTL f diet separately. It was found that ruminal NH 3 -N contributed 46.8% to the variability in minimum pH for DDGS-based diets (minimum ruminal pH = 0.05 NH 3 -N [±0.01] + 4.78 [±0.12]; R 2 = 0.47, P = 0.004) when the model contained maximum T rum ; duration T rum > 38°C, T rum > 39°C, and T rum > 40°C; total VFA; NH 3 -N; DMI; starch intake; and NDF intake as independent variables. When the regression model was repeated with the CTL f diet, only maximum T rum entered the model contributing 51% to the variability in minimum pH (minimum ruminal pH = -0.37 maximum T rum [°C; ±0.09] + 20.4 [±4.02] ; R 2 = 0.51, P = 0.002). These findings suggest that for diets rich in CP (DDGS-based diets), NH 3 -N makes a significant contribution in buffering ruminal pH.
Regression analysis to predict the severity of SARA with T rum variables and intake variables in the model revealed that the predictability of minimum pH was stronger (Table 7 ; Eq. [1]; R 2 = 0.60, P < 0.001, n = 63) as compared with the predictability of duration pH < 5.2 (Eq. [2]: R 2 = 0.54, P < 0.001, n = 63), AUC pH < 5.8 (Eq. [5]: R 2 = 0.51, P < 0.001, n = 63), duration pH < 5.5 (Eq. [3]: R 2 = 0.47, P < 0.001, n = 63), AUC pH < 5.2 (Eq. [6]: R 2 = 0.47, P < 0.001, n = 63), and duration pH < 5.8 (Eq. [4]: R 2 = 0.22, P < 0.001, n = 63). It may be noted that strength of the equations for predicting the severity of SARA is greater in heifers fed finishing diets (Table 7 ) as compared to growing diets (Table 4) .
Mean T rum and maximum T rum were greater for CTL f than CDDGS f , WDDGS f , and WDDGS f +O (Table  8) . A greater maximum T rum for CTL f than other diets was anticipated and could be attributed to the greater fermentability of this barley grain-based diet (CTL f ). Consistent with this observation, total VFA was also greater for the CTL f diet than for the other diets (Hünerberg et al., 2013b) . Although duration T rum > 40°C and AUC a-c Within a row, means without a common superscript differ (P < 0.05); n = 63.
1 Finisher control diet (CTL f ) contained 8% barley silage, 87% steam rolled barley grain, and 5% supplement. The diets CDDGS f , WDDGS f , and WDDGS f +O were formulated by replacing 40% barley grain from CTL f with 40% of corn-based dried distillers grains plus solubles or wheat-based dried distillers grains plus solubles (WDDGS), or 37.4% WDDGS + 2.6% corn oil, respectively.
> 38°C, AUC > 39°C, and 39°C ≤ AUC > 38°C were greater for the CTL f diet than CDDGS f and WDDGS f diets, there were no differences in the above variables between CTL f and WDDGS f +O. Although 39°C ≤ T rum > 38°C was greater for the WDDGS f diet than other diets, 39°C ≤ AUC > 38°C as well as 40°C ≤ AUC > 39°C were lower for the WDDGS f diet than other diets.
Individual Animal Variability
Investigation of individual animal variability was confined to heifers fed the CTL g and CTL f diets only. Individual animal variability in intakes (DMI and starch intake), ruminal pH variables, and T rum variables in heifers fed growing diets (Table 9 ) and finishing diets (Table  10) were tabulated. Heifers with a longer duration T rum > 40°C did not necessarily have a longer duration of pH < 5.2 or pH < 5.5, indicating that individual animal variability can also influence the strength of the relationship between ruminal pH and T rum . Individual animal variability in ruminal pH and hence in the severity of ruminal acidosis and the various factors contributing to this has been described in several studies (Bevans et al., 2005; Penner et al., 2009b; Mohammed et al., 2012) . To our knowledge, this is the first description of the variability in T rum among individual animals. This variation could arise from differences in DMI, fermentability of diet, heat of fermentation, feeding and drinking behavior, rate of passage of digesta, and possibly VFA absorption and metabolism by the rumen epithelium. Data from this study suggest that recovery from lower ruminal pH is relatively quicker compared to the fall in T rum from maximum T rum , indicating that the decline in the heat of fermentation is relatively slower ( Fig. 1 and 2) . While there are studies exploring the possible causes for the variability in individual animal recovery from lower pH (Penner et al., 2009b) , there are no studies to our knowledge exploring the variability in the heat of fermentation among individual animals. Further studies are required to explore the potential factors contributing to the delay in the decline of heat of fermentation.
Conclusions
This study investigated the relationship between ruminal pH and T rum in beef cattle fed growing and finishing diets. The relationship between maximum T rum and minimum ruminal pH was relatively stronger in cattle fed finishing diets compared with cattle fed growing diets (r = -0.63 vs. r = -0.53). Rumen temperature variables accounted for 43 and 60% of the variability in minimum pH with growing and finishing diets, respectively. In cattle fed either growing or finishing diets, mean T rum and maximum T rum were greater for a high starch (control) diet than for distillers grain-based diets. While there is potential for T rum to predict the severity of 1 There was a significant animal effect for the duration (h/d) T rum > 39°C (P = 0.001, SEM = 1.65), duration (h/d) pH < 5.8 (P = 0.001, SEM = 1.83), duration (h/d) pH < 5.5 (P = 0.004, SEM = 1.11), starch intake (kg/d; P = 0.001, SEM = 0.15), and DMI (kg/d; P < 0.001, SEM = 0.51). The animal effect for duration T rum > 40°C tended to be different (P = 0.09, SEM = 0.96). ruminal pH, the strength of the relationship appears to be influenced by diet and individual animal variability in ruminal pH and temperature response to a particular diet.
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